Abstract: It is important to understand the mechanism of oxidation in the initial stage at free surface on liquid metals. Mittemeijer and co-workers recently developed a thermodynamic model to study the oxide overgrowth on a solid metal surface. Based on this model, we have developed a thermodynamic model to analyze the thermodynamic stability of oxide overgrowth on liquid metals. The thermodynamic model calculation revealed that the amorphous oxide phase is thermodynamically preferred up to 1.3 and 0.35nm, respectively, in the initial oxide overgrowth on liquid Al and Ga at the corresponding melting point. However, the amorphous phase is thermodynamically unstable in the initial oxide overgrowth on liquid Mg. The thermodynamic stability of amorphous phase in the Al and Ga oxide systems is attributed to lower sums of surface and interfacial energies for amorphous phases, compared to that of the corresponding crystalline phases. 
Introduction
Research on oxidation at free surfaces of liquid metals (LMs) is of the fundamental and scientific interests. Oxide films easily form on the free surface of LMs even under high vacuum conditions, especially for reactive elements such as Al and Mg. For example, an atomic scale oxide-free aluminum surface in thermodynamic equilibrium is impossible because the maximum oxygen partial pressure that is in equilibrium with physically dissolved oxygen is 10 -40 bar. 1 Surface oxidation of LMs can dramatically change the surface tension which will have a significant effect on the way LMs wet different surfaces. 2, 3 This is important for the process, such as soldering, brazing, casting and so on. There are considerable differences between the ways oxidation develops in various LMs. For example, the formation of a relatively thin surface oxide layer (e.g. an Al 2 O 3 oxide film at the surface of liquid Al) effectively prevents the bulk from further oxidation to reduce melt losses (2~10% for Al alloys) during melting. 4 On the other hand, oxidation of liquid Mg produces a discontinuous oxide film. 5 It has been reported that very thin amorphous oxide films can form at the surfaces of liquid Ga and Al. 6, 7 A monolayer of amorphous alumina was found in the initial oxidation of liquid Al at an oxygen partial pressure of 310 -3 Torr. 6 With surface x-ray scattering techniques, an amorphous Ga oxide film with a well defined thickness of 0.5 nm was identified at room temperature on the oxygen partial pressure of 1.810 -4 Torr, and didn"t change with oxygen partial pressure up to 1.6 10 -3 Torr nor at temperatures up to 300 o C. 7 It is anticipated that the formation of an amorphous Ga 2 O 3 film is easier on a disordered substrate like a LM than a crystalline film. 7 However, little is understood of the thermodynamic stability of initial oxide growth on the LMs, which could be responsible for the scattered data of surface tensions in the literature. 2 On the other hand, the development of initial oxide overgrowths on bare solid metal surfaces has been studied in detail, and it has been found that at relatively low temperatures often a thin (<10 nm) amorphous oxide film is formed on the surface of solid metals (e.g. Si, Ta, Nb, Al, Ge, Cr and Te), whereas at higher temperatures thicker films develop and the resulting structure of the corresponding oxide film is in most cases crystalline. [8] [9] [10] Mittemeijer and co-workers 11, 12 developed a thermodynamic model, in which the energetics of the amorphous oxide film with thickness h a on a bare single-crystalline metal substrate (M) can be compared with those of the corresponding crystalline oxide film with equivalent thickness h a on M. This model has been applied to analyze the preferred formation of either an amorphous or a crystalline oxide overgrowth. On the basis of thermodynamic model calculations, they demonstrated that an amorphous oxide phase for the initial oxide overgrowth on a metal can be thermodynamically stable up to a certain critical thickness as long as the higher bulk energy of the amorphous oxide phase (as compared to that of the competing crystalline oxide phase) can be overcompensated for by the lower sum of the surface and interface energies for the amorphous oxide-film configuration. The thermodynamic model has been applied to the cases for a range of metal/oxide systems (oxidation of Al, Ni, Cu, Cr, Fe, Mg, Zr and Ti etc), and the predictions in the solid Al/Al 2 O 3 system according to this model agree well with high resolution transmission electron microscopy (HRTEM) observations. 13 In the present study, we follow closely the treatment of Mittemeijer and co-workers 11, 12 to investigate the thermodynamic stability in the initial oxide growth of liquid Al, Mg and Ga. A thermodynamic model will be developed to obtain the critical thickness of thermodynamically stable amorphous oxide film through comparing the bulk, surface and interfacial energy differences between the amorphous and crystalline oxides. In contrast to the interface between oxide film and solid metal in the initial oxidation on a bare metal substrate, the interfacial energy between oxide film and liquid metals in this work was employed to compare the interfacial energy difference between the amorphous phase and the crystalline phase in the thermodynamic model calculations. The predictions, as obtained by application of the model to the liquid AlAl 2 O 3 , liquid Mg/MgO and Ga-Ga 2 O 3 systems, are compared with the experimental data available in the literature.
Theory and calculation

Basics of the model
Consider two situations for a homogeneous metal-oxide film M x O y of uniform thickness h on the surfaces of liquid metal (LM), as shown in Fig.1 > decreases with the increase of T while the increase in the sum of surface and interfacial terms is less significant, and as a consequence the amorphous oxide is thermodynamically stabilized further with T in the considered temperature range.
Mg/MgO
The most dense-packing MgO{111} plane was chosen for the <MgO> overgrowth on liquid Mg, competed with the amorphous oxide overgrowth. Fig.4 
Ga/Ga 2 O 3
The β-Ga 2 O 3 {100} crystallographic plane has the lowest energy, 24 and was chosen for the < β- 
Discussion
Only a few experimental observations on the initial oxide overgrowth at free surface of liquid metals have been reported, 6, 7, 30 7 It should be noted that the accuracy of the parameters used in the model calculation can affect the reliability of the predicted results to a certain extent. Given the errors in both the thermodynamic model calculation and the experimental observation, the predictions agree well with the experimental results. By contrast, for the liquid Mg-MgO system the predicted critical thickness of an amorphous oxide film is less than 1 ML in the temperature range of 650~1050 o C, i.e. the amorphous oxide phase is thermodynamically unstable in the initial oxidation of liquid Mg. No experimental observation on the structure of oxide film in the initial oxidation of liquid Mg had been reported, partially due to the very high evaporation pressure of Mg. However, oxidation of liquid Mg usually produces a discontinuous oxide film on the surface. 5 In the initial oxidation on a bare solid Mg, the predicted critical oxide-film thickness, up to which the amorphous {MgO} overgrowth is thermodynamically preferred, is below 1 ML for all Mg substrate orientations, 11 as confirmed by the experimental observation. 31, 32 It implied that the prediction of the initial oxide overgrowth at the free surface of liquid Mg seemed to be acceptable.
Both the experimental observations and model predictions are indicative of the formation of an amorphous oxide film in the initial oxidation on liquid Al and Ga. In the Al and Ga oxide systems, the bulk energy difference between the amorphous and crystalline oxides is relatively small, and then the negative energy contribution from surface and interfacial energy difference can compensate the positive energy contribution for the bulk term. The energy balance of negative surface and interfacial terms and positive bulk term produce a thermodynamically stable amorphous phase up to a few MLs near T m . However, the bulk energy difference is quite large for the Mg oxide systems, compared to that of the Al and Ga oxide systems. As a consequence, the positive energy term can"t be compensated by the sum of surface and interfacial energy terms in at least 1 ML of MgO oxide film, resulting in thermodynamic instability of the amorphous phase.
Different from the initial oxide overgrowth on a bare solid metal surface, 11,12 the strain energy and dislocation contributions between the crystalline oxide and metal substrate are absent in the interfacial energy term between the crystalline oxide and LM for the initial oxidation of LMs. In the initial oxide overgrowth on a bare solid metal surface, the strain and dislocation energies are positive energy terms and contribute to the thermodynamic stability of amorphous oxide overgrowth. However, the calculated sum of strain and dislocation energy contributions is relatively small and does not exceed the value of 0.5 Jm -2 for all metal/oxide systems studied in the literature. 12 The decrease in the bulk Gibbs energy difference between the amorphous and crystalline oxide phases with increasing growth temperature is also preferred to the thermodynamic stability of amorphous phase in the initial oxidation for both at the free surface of LMs and on a bare solid metal surface. In both cases, the temperature dependence of h a c is governed by the decrease in the bulk Gibbs energy difference. It is noted that h a c in the initial oxidation of liquid Al exhibits the same positive temperature dependence as that in the initial oxide overgrowth on the solid Al surfaces. 11 The predicted h a c in the initial oxidation on liquid
Al is about 1.3 nm at 700 o C, much larger than that in the initial oxidation on solid Al, about 0.6 nm at 298 o C. It is suggested that the amorphous oxide phase formed during the oxidation on the solid Al can be further stabilized with an increase of temperature beyond T m . Therefore, the amorphous phase observed in the initial oxidation at the free surface of liquid Al in the literature 6 is indeed thermodynamically preferred.
Summary
Based on the thermodynamic model for the oxide overgrowth on the solid metal surface developed recently by Mittemeijer and co-workers, we have developed a thermodynamic model to analyze the thermodynamic stability of oxide overgrowth on liquid metals. In the Al/Al 2 O 3 and Ga/Ga 2 O 3 systems, the thermodynamic model predictions revealed that the positive bulk Gibbs energy difference between amorphous and crystalline oxides can be compensated for up to a critical thickness of a few atomic layers by the negative energy difference of surface and interfacial terms, and thermodynamically stabilizes the amorphous oxide phase. However, the bulk Gibbs energy difference is relatively large for the Mg/MgO system, and can"t be compensated for by the surface and interfacial energy difference. The critical thickness of thermodynamically preferred amorphous phase is about 1.3 nm for the Al/γ-Al 2 O 3 and 0.33 nm for the Ga/ β-Ga 2 O 3 system, respectively, at the melting point of the LMs. The amorphous oxide is thermodynamically unstable for the Mg/MgO system. 
Introduction
Research on oxidation at free surfaces of liquid metals (LMs) is of the fundamental and scientific interests. Oxide films easily form on the free surface of LMs even under high vacuum conditions, especially for reactive elements such as Al and Mg. For example, an atomic scale oxide-free aluminum surface in thermodynamic equilibrium is not easy to achieve because the maximum oxygen partial pressure that is in equilibrium with physically dissolved oxygen is very low (up to 10 -4 bar). [1] [2] [3] Surface oxidation of LMs can dramatically change the surface tension which will have a significant effect on the way LMs wet different surfaces. 4, 5 This is important for the process, such as soldering, brazing, casting and so on. There are considerable differences between the ways oxidation develops in various LMs. For example, the formation of a relatively thin surface oxide layer (e.g. an Al 2 O 3 oxide film at the surface of liquid Al) effectively prevents the bulk from further oxidation to reduce melt losses (2~10% for Al alloys) during melting. 6 On the other hand, oxidation of liquid Mg produces a discontinuous oxide film. 7 It has been reported that very thin amorphous oxide films can form at the surfaces of liquid Ga and Al. 8, 9 A monolayer of amorphous alumina was found in the initial oxidation of liquid Al at an oxygen partial pressure of 310 -3 Torr. 8 With surface x-ray scattering techniques, an amorphous Ga oxide film with a well defined thickness of 0.5nm was identified at room temperature on the oxygen partial pressure of 1.810 -4 Torr, and didn"t change with oxygen partial pressure up to 1.6 10 -3 Torr nor at temperatures up to 300 o C. 9 It is anticipated that the formation of an amorphous Ga 2 O 3 film is easier on a disordered substrate like a LM than a crystalline film. 9 However, little is understood of the thermodynamic stability of initial oxide growth on the LMs, which could be responsible for the scattered data of surface tensions in the literature. 4 On the other hand, the development of initial oxide overgrowths on bare solid metal surfaces has been studied in detail, and it has been found that at relatively low temperatures often a thin (<10nm) amorphous oxide film is formed on the surface of solid metals (e.g. Si, Ta, Nb, Al, Ge, Cr and Te), whereas at higher temperatures thicker films develop and the resulting structure of the corresponding oxide film is in most cases crystalline. [10] [11] [12] Mittemeijer and co-workers 13, 14 developed a thermodynamic model, in which the energetics of the amorphous oxide film with thickness h a on a bare single-crystalline metal substrate (M) can be compared with those of the corresponding crystalline oxide film with equivalent thickness h a on M. This model has been applied to analyse the preferred formation of either an amorphous or a crystalline oxide overgrowth. On the basis of thermodynamic model calculations, they demonstrated that an amorphous oxide phase for the initial oxide overgrowth on a metal can be thermodynamically stable up to a certain critical thickness as long as the higher bulk energy of the amorphous oxide phase (as compared to that of the competing crystalline oxide phase) can be overcompensated for by the lower sum of the surface and interface energies for the amorphous oxide-film configuration. The thermodynamic model has been applied to the cases for a range of metal/oxide systems (oxidation of Al, Ni, Cu, Cr, Fe, Mg, Zr and Ti etc), and the predictions in the solid Al/Al 2 O 3 system according to this model agree well with high resolution transmission electron microscopy (HRTEM) observations. 15 In the present study, we follow closely the treatment of Mittemeijer and co-workers 13, 14 to investigate the thermodynamic stability in the initial oxide growth of liquid Al, Mg and Ga. A thermodynamic model will be developed to obtain the critical thickness of thermodynamically stable amorphous oxide film through comparing the bulk, surface and interfacial energy differences between the amorphous and crystalline oxides. In contrast to the interface between oxide film and solid metal in the initial oxidation on a bare metal substrate, the interfacial energy between oxide film and liquid metals in this work was employed to compare the interfacial energy difference between the amorphous phase and the crystalline phase in the thermodynamic model calculations. The predictions, as obtained by application of the model to the liquid AlAl 2 O 3 , liquid Mg/MgO and Ga-Ga 2 O 3 systems, are compared with the experimental data available in the literature.
Theory and calculation
Basics of the model
Consider two situations for a homogeneous metal-oxide film M x O y of uniform thickness h on the surfaces of liquid metal (LM), as shown in Fig. 1 . The energetics of amorphous oxide film, {M x O y }, with thickness h a on LM were compared with those of the corresponding crystalline oxide film, <M x O y >, with equivalent thickness h c on LM. Cells of volumes h a  l a 2 and h c  l c 2 are defined for the amorphous oxide-film configuration and the corresponding crystalline one, respectively, with the same molar quantity of oxide. The difference in total Gibbs energy between the configurations at the growth temperature, T, can be given as: 
Bulk energy differences
The difference between the bulk Gibbs energies of formation of the amorphous and the crystalline oxide overgrowths on the surface of LM per unit area
is always positive , thereby stabilizing the crystalline oxide cell with increasing oxide-film thickness, h a . 13 The values for bulk Gibbs energies of oxide formation, f a G  and f c G  , were taken from the NIST-JANAF Thermochemical Tables. 16 The molar volumes, V a and V c , of the amorphous and crystalline oxides at room temperature were taken from the literature, [17] [18] [19] and listed in Table 1 .
The temperature dependence of V a for the amorphous oxide film is taken to be the same as that of the corresponding crystalline oxide, as obtained from the corresponding linear thermal expansion coefficients, α.
20,21
Surface energy differences
The surface energy difference between the amorphous and the crystalline oxide overgrowths on the liquid metal per unit area is given by s c s a
Δγ s is generally negative, and therefore contributes to the thermodynamic stability of the amorphous phase. 
where x is the number of metal ions per M x O y unit "molecule"; is the Boltzmann"s constant;
N A is the Avogadro"s constant. The temperature dependence of the surface energy of liquid oxides was taken from the literatures. 22 The corresponding temperature coefficient, 
Interfacial energy differences 2.4.1 The crystalline oxide-liquid metal interface energy
The energy of the crystalline oxide-LM interface, i c H were obtained from the literature.
16,28
A(O) and A(M)
in LM were calculated from the lattice spacing at the interfaces, or taken from the literature. 26 The molar interfacial area of M at the interface of LM is considered as the area occupied by 1mol M atoms at the most dense-packed {111} plane of α-Al.
The amorphous oxide-liquid metal interface energy
The energy of the amorphous oxide-liquid metal interface, . The contribution from negative energy term is governed by the corresponding interfacial energy difference, which is relatively large, about 1.0Jm -2 , compared with the considerably small surface energy difference of 0.02Jm C, corresponding to about 6~8 mono-layers (MLs). The bulk Gibbs energy difference between {Al 2 O 3 } and <Al 2 O 3 > decreases with the increase of T while the increase in the sum of surface and interfacial terms is less significant, and as a consequence the amorphous oxide is thermodynamically stabilized further with T in the considered temperature range.
Mg/MgO
The most dense-packing MgO{111} plane was chosen for the <MgO> overgrowth on liquid Mg, competed with the amorphous oxide overgrowth. Fig. 4 shows bulk, interfacial and surface energy differences, as well as the corresponding total Gibbs energy difference of the amorphous oxide overgrowth and the corresponding crystalline oxide overgrowth on the surface of liquid Mg for h a =1.0nm at 700 o C. The Mg-O bond is the highest among all metal/oxide systems studied here, resulting in the high interfacial energy between <MgO>, {MgO} and liquid Mg, compared with those in Al/Al 2 O 3 system. The bulk energy difference between <MgO> and {MgO} is about 4.4Jm -2 , much higher than that between <Al 2 O 3 > and {Al 2 O 3 }. The large bulk energy difference leads to a small h a c in the Mg/MgO system. 
Ga/Ga 2 O 3
The β-Ga 2 O 3 {100} crystallographic plane has the lowest energy, 26 and was chosen for the < β-Ga 2 O 3 > overgrowth on the surface of liquid Ga, competed with {Ga 2 O 3 } overgrowth. Fig. 6 shows bulk, interfacial and surface energy differences, as well as the corresponding total Gibbs energy difference of the amorphous oxide overgrowth and the corresponding crystalline oxide overgrowth on the surface of liquid Ga for h a =1.0nm at 29 
Discussion
Only a few experimental observations on the initial oxide overgrowth at free surface of liquid metals have been reported, 8, 9, 32 due to the difficulty in experimental operation. It was reported that a monolayer of amorphous Al 2 O 3 film can be formed in the initial oxidation of liquid Al at oxygen partial pressure of 310 -3 Torr. 8 The prediction, according to the thermodynamic model calculation in the liquid Al-Al 2 O 3 system, revealed that the critical thickness of thermodynamically stable amorphous phase is 6-8MLs in the temperature range of 650~1050 o C. Therefore, the formation of an amorphous oxide monolayer is thermodynamically preferred in the initial oxidation of liquid Al. For the liquid Ga-Ga 2 O 3 system, the calculated critical thickness of an amorphous oxide film is about 0.35nm in the temperature range of 27-327 o C. The experimental observation confirmed that an amorphous Ga 2 O 3 film with a thickness of 0.5nm formed in the temperature range from room temperature to 300 o C and on the oxygen partial pressure of 1.810 -4~1 .610 -3 Torr. 9 It should be noted that the accuracy of the parameters used in the model calculation can affect the reliability of the predicted results to a certain extent. Given the errors in both the thermodynamic model calculation and the experimental observation, the predictions agree well with the experimental results. By contrast, for the liquid Mg-MgO system the predicted critical thickness of an amorphous oxide film is less than 1ML in the temperature range of 650~1050 o C, i.e. the amorphous oxide phase is thermodynamically unstable in the initial oxidation of liquid Mg. No experimental observation on the structure of oxide film in the initial oxidation of liquid Mg had been reported, partially due to the very high evaporation pressure of Mg. However, oxidation of liquid Mg usually produces a discontinuous oxide film on the surface. 7 In the initial oxidation on a bare solid Mg, the predicted critical oxide-film thickness, up to which the amorphous {MgO} overgrowth is thermodynamically preferred, is below 1ML for all Mg substrate orientations, 13 as confirmed by the experimental observation. 33, 34 It implied that the prediction of the initial oxide overgrowth at the free surface of liquid Mg seemed to be acceptable.
Both the experimental observations and model predictions are indicative of the formation of an amorphous oxide film in the initial oxidation on liquid Al and Ga. In the Al and Ga oxide systems, the bulk energy difference between the amorphous and crystalline oxides is relatively small, and then the negative energy contribution from surface and interfacial energy difference can compensate the positive energy contribution for the bulk term. The energy balance of negative surface and interfacial terms and positive bulk term produce a thermodynamically stable amorphous phase up to a few MLs near T m . However, the bulk energy difference is quite large for the Mg oxide systems, compared to that of the Al and Ga oxide systems. As a consequence, the positive energy term can"t be compensated by the sum of surface and interfacial energy terms in at least 1ML of MgO oxide film, resulting in thermodynamic instability of the amorphous phase.
Different from the initial oxide overgrowth on a bare solid metal surface, 13,14 the strain energy and dislocation contributions between the crystalline oxide and metal substrate are absent in the interfacial energy term between the crystalline oxide and LM for the initial oxidation of LMs. In the initial oxide overgrowth on a bare solid metal surface, the strain and dislocation energies are positive energy terms and contribute to the thermodynamic stability of amorphous oxide overgrowth. However, the calculated sum of strain and dislocation energy contributions is relatively small and does not exceed the value of 0.5Jm -2 for all metal/oxide systems studied in the literature. 14 The decrease in the bulk Gibbs energy difference between the amorphous and crystalline oxide phases with increasing growth temperature is also preferred to the thermodynamic stability of amorphous phase in the initial oxidation for both at the free surface of LMs and on a bare solid metal surface. In both cases, the temperature dependence of h a c is governed by the decrease in the bulk Gibbs energy difference. It is noted that h a c in the initial oxidation of liquid Al exhibits the same positive temperature dependence as that in the initial oxide overgrowth on the solid Al surfaces. 13 The predicted h a c in the initial oxidation on liquid
Al is about 1.3nm at 700 o C, much larger than that in the initial oxidation on solid Al, about 0.6nm at 298 o C. It is suggested that the amorphous oxide phase formed during the oxidation on the solid Al can be further stabilized with an increase of temperature beyond T m . Therefore, the amorphous phase observed in the initial oxidation at the free surface of liquid Al in the literature 8 is indeed thermodynamically preferred.
Summary
Based on the thermodynamic model for the oxide overgrowth on the solid metal surface developed recently by Mittemeijer and co-workers, we have developed a thermodynamic model to analyze the thermodynamic stability of oxide overgrowth on liquid metals. In the Al/Al 2 O 3 and Ga/Ga 2 O 3 systems, the thermodynamic model predictions revealed that the positive bulk Gibbs energy difference between amorphous and crystalline oxides can be compensated for up to a critical thickness of a few atomic layers by the negative energy difference of surface and interfacial terms, and thermodynamically stabilizes the amorphous oxide phase. However, the bulk Gibbs energy difference is relatively large for the Mg/MgO system, and can"t be compensated for by the surface and interfacial energy difference. The critical thickness of thermodynamically preferred amorphous phase is about 1.3nm for the Al/γ-Al 2 O 3 and 0.33nm for the Ga/ β-Ga 2 O 3 system, respectively, at the melting point of the LMs. The amorphous oxide is thermodynamically unstable for the Mg/MgO system. 
